Previous studies have demonstrated that exercise results in reactive aldehyde production and that β-alanine supplementation increases carnosine content in skeletal muscle. However, little is known about the influence exercise and β-alanine supplementation have on the formation of carnosine-aldehydes. The goal of the present study was to monitor the formation of carnosine-aldehyde adducts, following high-intensity intermittent exercise, before and after β-alanine supplementation. Vastus lateralis biopsy samples were taken from 14 cyclists, before and after a 28 day β-alanine supplementation, following 4 bouts of a 30 s all-out cycling test, and carnosine and CAR-aldehyde adducts [carnosine-acrolein, CAR-ACR (m/z 303), carnosine-4-hydroxy-2-hexenal, CAR-HHE (m/z 341) and carnosine-4-hydroxy-2-nonenal, CAR-HNE (m/z 383)] were quantified by HPLC-MS/ MS. β-alanine supplementation increased muscle carnosine content by~50% (p = 0.0001 vs. Pre-Supplementation). Interestingly, there was a significant increase in post-exercise CAR-ACR content following βalanine supplementation (p < 0.001 vs. post-exercise before supplementation), whereas neither exercise alone nor supplementation alone increased CAR-ACR formation. These results suggest that carnosine functions as an acrolein-scavenger in skeletal muscle. Such a role would be relevant to the detoxification of this aldehyde formed during exercise, and appears to be enhanced by β-alanine supplementation. These novel findings not only have the potential of directly benefiting athletes who engage in intensive training regimens, but will also allow researchers to explore the role of muscle carnosine in detoxifying reactive aldehydes in diseases characterized by abnormal oxidative stress.
Introduction
Lipid peroxidation occurs during normal physiological and pathological processes, and generates a complex mixture of phospholipid products, including hydroperoxides, which then decompose to form electrophilic reactive aldehydes [1] . These secondary lipid oxidation products are capable of reacting with DNA and proteins, potentially compromising the structure and function of these biomolecules. Therefore, aldehyde detoxification is essential for normal cellular function. Some of the most well studied lipid oxidation products include: malondialdehyde, 4-hydroxy-2-nonenal (HNE), 4-hydroxy-2hexenal (HHE), 4-oxo-(2E)-nonenal, 2,4-decadienal, 4,5-epoxy-(2E)decenal, hexenal, acrolein, and crotonaldehyde, which have been detected in human tissues under normal conditions, as well as in clinical conditions associated with redox stress disorders [2] [3] [4] [5] .
Aldehyde detoxification can occur via reactions catalyzed by alcohol dehydrogenase, aldo-keto reductase, aldehyde dehydrogenase and through conjugation with glutathione [6] . Additionally, histidinecontaining dipeptides, such as carnosine (β-alanyl-L-histidine, CAR), homocarnosine (gamma-amino-butyryl-histidine) and anserine (βalanyl-L-1-methylhistidine), have been shown to detoxify aldehydes, in vivo [7, 8] . The reaction between carnosine and α, β-unsaturated aldehydes (i.e., HNE and acrolein) is well described [9, 10] and carnosinealdehyde products have been detected during normal metabolism and in the urine of mice and adult human non-smokers [6, 10] .
Carnosine is abundantly expressed in the skeletal and cardiac muscles, as well as in other excitable cells [9] . In skeletal muscle, βalanine availability is a limiting factor for carnosine synthesis [11] , and β-alanine supplementation has been shown to consistently increase carnosine content in skeletal muscle [11] [12] [13] . Previous studies have demonstrated that carnosine functions as an intracellular buffer in skeletal muscle [14] . Other properties of carnosine include metal quenching [15] , anti-glycation [16] and aldehyde detoxification [6, 10] . For these reasons, carnosine has long been considered to have a number of relevant physiological roles, such as healthy ageing and disease prevention [17] . However, little is known about which tissues carnosine targets, or to what conditions carnosine is physiologically relevant. Moreover, β-alanine supplementation leads to a substantial increase in muscle carnosine content, which may potentiate the putative reactive aldehyde detoxifying effect of carnosine. Thus it is plausible that if carnosine plays a role in aldehyde detoxification, then β-alanine supplementation should enhance this process.
Physical exercise is a potent physiological stimulus that can lead to acute intracellular modifications, such as the formation of lipid peroxidation by-products, which results in an increased formation of hydroperoxides and malondialdehyde [18] . Thus, to explore the roles of exercise and β-alanine supplementation on the formation of carnosinealdehyde adducts, CAR-ACR, CAR-HHE and CAR-HNE were quantified in human skeletal muscle samples, following a bout of acute exercise, before and after chronic β-alanine supplementation. We hypothesized that β-alanine supplementation would increase CAR-aldehyde adduct formation, therefore providing further evidence for the physiological role of carnosine in the detoxification of lipid peroxidation by-products formed during exercise.
Materials and methods

Participants and study design
This study is part of a broader project aimed at assessing the effects of β-alanine combined or not with sodium bicarbonate on high-intensity intermittent exercise performance and underpinning physiological mechanisms. Participants were randomly allocated to one of the following groups: β-alanine+placebo (BA+PL); sodium bicarbonate +placebo (SB+PL), β-alanine+sodium bicarbonate (BA+SB) or pla-cebo+placebo (PL+PL) using a 2:2:2:1 ratio. The study followed a double-blind randomized design. The placebo for β-alanine and sodium bicarbonate were dextrose and calcium carbonate, respectively. β-alanine or dextrose (6.4 g day −1 split in 4 single doses of 1.6 g) was taken for 28 days whereas sodium bicarbonate or calcium carbonate (0.5 g kg −1 day −1 split in 4 single doses of 1.25 g kg −1 day −1 ) was taken for 5 days, commencing on the 5th day before the last day of βalanine/dextrose supplementation.
For this specific study, muscle samples from 31 of these participants (BA+PL: n = 9; SB+PL: n = 11; BA+SB: n = 8; PL+PL: n = 3) were available for the determination of carnosine content and CAR-aldehyde adducts. In order to increase the number of observations in each group and time-point, thereby increasing the statistical power of our analyses, these samples were grouped as follows: individuals taking β-alanine (i.e., those ingesting β-alanine+placebo or β-alanine+sodium bicarbonate) were grouped as "β-alanine group" (BA: n = 17), while those not taking β-alanine (i.e., sodium bicarbonate+placebo or pla-cebo+placebo) were grouped as "placebo group" (PL: n = 14). Since none of the other substances used (i.e., dextrose, calcium carbonate or sodium bicarbonate) have any predictable effect on muscle carnosine content or CAR-aldehyde adducts, the simplified BA or PL grouping strategy emerged as an appealing way to examine the effects of β-alanine and exercise on carnosine-aldehyde adducts in these individuals.
Muscle carnosine and CAR-aldehyde adducts could not be quantified in samples from 3 individuals of the PL group due to insufficient amount of sample available. Therefore, all analyses were carried out in muscle samples from 28 individuals (BA: n = 14; PL: n = 14). All participants included in the analyses (BA: age 36 ± 6 years; body mass 77.9 ± 12.6 kg; height 1.77 ± 0.1 m; fat 17.5 ± 6.9%; PL: age 36 ± 6 years; body mass 73.0 ± 7.6 kg; height 1.76 ± 0.04 m; fat 16.3 ± 4.6%) had been actively training for the past 2 years or longer (total training volume: BA: 13 ± 5 h·week −1 , totaling 259 ± 148 km week −1 ;
PL: 10 ± 7 h week −1 , totaling 232 ± 182 km week −1 ). No significant differences between groups were shown for any of the baseline participant's characteristics (twotailed t-test for independent samples: all p > 0.05). Exclusion criteria were: previous or current use of anabolic steroids or any other performance-enhancing drug, use of supplements containing creatine in the 3 months before the study, or β-alanine in the 6 months before the study. Participants were required to visit the exercise physiology laboratory on three different occasions. On the first visit, they were assessed for eligibility and familiarized with the acute exercise protocol. The second visit took place 2-7 days later, and the participants undertook the presupplementation trial (PRE-Supplementation). The same procedures were repeated on the third visit, which took place following a 28-day supplementation period (POST-Supplementation). During both the PRE-and POST-Supplementation trials, all participants had a muscle sample biopsy taken from the vastus lateralis at rest and immediately after the acute exercise protocol for the quantification of muscle carnosine, CAR-HNE, CAR-HHE and CAR-ACR adducts in skeletal muscle. When using a S/N = 7 for the limit of quantification (LOQ), it was possible to quantify carnosine in all 28 individuals, whereas CAR-ACR was quantified in 26, CAR-HNE in 8 and CAR-HHE was quantified in none individuals (see HPLC-ESI + -MS/MS method validation).
All participants were fully informed about the risks and benefits associated with participation before signing the informed consent form. All procedures were in accordance with the Declaration of Helsinki, and approved by the Institutional Ethics Committee for Human Research.
β-Alanine supplementation
Participants were given 6.4 g of β-alanine (Compound Solutions, California, USA) per day in gelatin capsules with carboxymethylcellulose, which was added to slow β-alanine release to the blood and prevent paraesthesia, as previously described [19] . The total daily dose was split into four individual 1.6 g doses to be taken along with main meals (breakfast, lunch, afternoon snack and dinner). They were also asked to maintain the same diet throughout the experimental period, which was verbally confirmed during the POST-Supplementation trial.
Exercise protocol
A high-intensity intermittent cycling exercise protocol was used as a model to study the formation of lipid peroxidation by-products due to evidence suggesting that exercise intensity and muscle acidosis play a role in the formation of lipid peroxidation by-products [20, 21] . The test was conducted on a mechanically-braked cycle-ergometer, with the resistance set at 5% of the individual's body mass. The participants completed four 30-s bouts of all-out cycling exercise (Wingate Test), and were given a 3-min recovery period between bouts.
Muscle biopsy
Muscle samples (approximately 70-150 mg) were taken from the mid-portion of the vastus lateralis using the percutaneous needle biopsy technique [22] with suction [23] . In order to make the muscle accessible, a 1-cm wide incision was made in the skin and fascia under local anesthesia (3 ml, 2% xylocaine). Samples obtained after exercise were taken from a position~1-cm away and at a similar depth to the biopsy location taken at rest. Immediately after sample collection, blood was removed, and visible fat and connective tissue were dissected away. The samples were then frozen in liquid nitrogen and stored at − 80°C until analysis.
Synthesis of the unlabeled and isotopically labeled carnosine-aldehyde standards
CAR-ACR, CAR-HNE, CAR-HHE and CAR-HNEd 11 and CAR-HHEd 5 were prepared, purified and analyzed as previously described [10] .
Carnosine-aldehyde adducts extraction from muscle samples
Carnosine-aldehyde adduct extraction was performed according to Baba et al. [6] , with some modifications. Wet vastus lateralis biopsies (20-50 mg) were added to 150 µL of a solution containing 150 mM KH 2 PO 4 , 1 mM EDTA, 1 mM DTT, a diluted (1:1000) protease inhibitor cocktail (Sigma Chemical Co., St. Louis, MO) and isotopically labeled internal standards (7.5 nM of CAR-HNEd 11 , 7.5 nM of CAR-HHEd 5 and 0.2 µM of CARd 4 ), and homogenized using a PowerGen 1000 homogenizer (Thermo Fisher Scientific, Waltham, MA). Samples were centrifuged at 13,000 × g for 20 min at 9°C, the pellet was discarded and the supernatant was retained for further processing. Total protein content of the supernatant was assessed using the Pierce™ BCA Protein Assay kit (Thermo Fisher Scientific, Waltham, MA) following the instructions of the manufacturer. Supernatants were then submitted to a protein precipitation protocol using 15 µL of 70% HClO 4 (v/v) for each 100 µL of sample. Samples were centrifuged at 13,000 × g for 15 min at 9°C. The protein precipitate was discarded and the pH of the supernatant was adjusted to 7.0 using concentrated NaOH prior to injection of 10 µL onto the HPLC-ESI + -MS/MS system. Each sample was injected in duplicate.
Calibration curves for CAR-HNE (from 5 to 45 nM), CAR-HHE (from 10 to 70 nM), CAR-ACR (from 0.1 to 30 μM) and CAR (from 0.5 to 5 µM) were prepared using the extraction solution described above and injected in duplicate. Results were expressed as pmol of adduct/mg of protein for CAR-HNE, nmol of adduct/mg of protein for CAR-ACR, µmol of CAR/mg of protein and mmol of CAR/kg of wet muscle.
Analysis of carnosine and carnosine-aldehyde adducts using HPLC-ESI +-MS/MS
On-line HPLC-ESI + -MS/MS analyses were carried out in the positive mode and detection was conducted on a triple quadrupole mass spectrometer API 6500 (Sciex, Washington D.C, WA), using selected reaction monitoring (SRM). An Agilent HPLC system (Agilent Technologies, Santa Clara, CA) equipped with an autosampler (1200 High performance), a column oven set at 45°C (1200 G1216B), an automated high pressure flow switching valve, a 1200 Binary Pump SL and a Shimadzu 10-AVp Isocratic Pump (Shimadzu, Tokyo, Japan) were used for sample injection and cleanup on a Kinetex C18 column, with an i.d. of 100 × 4.6 mm and particle diameter of 2.6 µm (Phenomenex, Torrance, CA) followed by a second Kinetex C18 column, with an i.d. of 100 × 2.1 mm and particle diameter 2.6 µm (Phenomenex, Torrance, CA). The mobile phase consisted of 5 mM ammonium acetate pH 5.5 (A) and acetonitrile (B). Prior to use, both solutions were filtered through a 0.22 µm PVDF membrane (Millipore, Bedford, MA). The adducts were eluted from the columns according to the following method: from 0 to 6 min, 10% acetonitrile and 150 µL/min; from 6 to 10 min, 10-90% acetonitrile and 150-300 µL/min; from 10 to 15 min, 90% acetonitrile and 300 µL/min; from 15 to 20 min, 90-10% acetonitrile and 300-150 µL/min allowing the first column to re-equilibrate until 30 min.
A high-pressure flow switching valve composed of 2-positions and 6-ports was inserted between the two columns. The valve discarded the eluent from the first column until 3 min of run while kept the second column supplied with a solution of water: acetonitrile (9:1, v/v) at a constant flow of 100 µL/min using a Shimadzu 10-AVp Isocratic Pump. After 3 min of run, the valve switched position allowing the eluent from the first column to enter the second column. Upon elution from the second column, the samples were injected into the mass spectrometer.
After 14 min of run, the valve switched back to the initial position, allowing both columns to re-equilibrate.
The aldehyde-adducts and carnosine were analyzed by electrospray ionization (ESI) in the positive mode, and detection was made using selected reaction monitoring (SRM) on a triple quadrupole mass spectrometer API 6500. The Turbo Ionspray Voltage was kept at 5500 V, the curtain gas at 15 psi and the nebulizer and auxiliary gas at 50 psi. The temperature was set to 500°C, and the pressure of nitrogen in the collision cell was adjusted to high. The signal to noise ratio (S/N) of ≥ 3 was used as the detection criteria for the adducts and a S/N ≥ 7 was used as the quantification criteria. Transitions for CAR-HNE, CAR-HNEd 11, CAR and CARd 4 were monitored using a dwell time of 150 ms and transitions for CAR-ACR, CAR-HHE and CAR-HHEd 5 were monitored using a dwell time of 250 ms. All precursor ions monitored corresponded to the single protonated adduct [M+H] + . Table 1 shows all transitions monitored for carnosine and each carnosine-aldehyde adduct.
HPLC-ESI+-MS/MS method validation
The validation methodology employed is suggested by the International Conference on Harmonisation of Technical Requirements for Registration of Pharmaceuticals for Human Use (ICH) Tripartite Guideline of Validation of Analytical Procedures: Text and Methodology [24] . The limit of detection (LOD), limit of quantification (LOQ) and inter-and intra-day repeatability were evaluated for the developed HPLC-ESI + -MS/MS method. The LOD and LOQ of each carnosine-aldehyde adduct was evaluated on a signal-to-noise (S/N) ratio basis, being the concentration that provided S/N = 3 the LOD and S/N = 7 the LOQ. For repeatability inter-and intra-day evaluation, three samples were spiked with the same concentration of each adduct (7 pmol of CAR, 4 pmol of CAR-ACR, 150 fmol of CAR-HNE and 100 fmol of CAR-HHE) and injected in triplicate on two consecutive days. Blanks were injected between samples to ensure that no carryover of adducts from the previous analyses.
Statistical analysis
Data are presented as mean ± standard deviation (SD). Statistical analysis was carried out with SAS UNIVERSITY EDITION (2.7 9.4 M5 -SAS Institute Inc., Cary, NC, USA). Mixed models were used to examine changes in carnosine and CAR-ACR, with 'treatment' and 'time' as fixed factors and participants as random factors. Four covariance structures were tested and the Bayesian-information criterion (lowest BIC) was used to choose the structure that best fit to each data set. Hypothesisdriven single-degree-of-freedom contrast analyses were carried out to identify specific within-and between-group effects whenever a significant main effect of time of group-by-time interaction was observed. Statistical significance was accepted when the two-tailed p-value was < 0.05. 
Results
A sensitive methodology based on HPLC-ESI + -MS/MS was employed for the quantification of carnosine and CAR-aldehyde adducts (CAR-ACR, CAR-HHE and CAR-HNE) in vastus lateralis samples from cyclists, before and after chronic β-alanine supplementation. The LODs for the standards (S/N = 3) were 100 fmol for CAR, 150 fmol for CAR-ACR, 750 amol for CAR-HNE and 7.5 fmol for CAR-HHE, and the LOQs were 300 fmol, 450 fmol, 2.2 fmol and 20 fmol, respectively. Table 2 summarizes the adduct quantification data and the coefficients of variation of the analysis within the same day and on a subsequent day. The method described herein provides a highly specific and precise way to quantify carnosine and carnosine-aldehyde adducts in tissues, and could be effectively utilized in future studies focused on assessing the concentrations of these compounds in muscle samples exposed to exacerbated lipid peroxidation processes.
A representative chromatogram of the HPLC-ESI + -MS/MS analyses of carnosine from a muscle sample is presented in Fig. 1A . The use of the stable isotopically labeled internal standard CARd 4 , which is four mass units larger than the unlabeled endogenous carnosine, ensured accurate quantification (Fig. 1B) .
Consistent with previous studies [11, 13] , muscle carnosine content measured at rest increased by~50% after 28 days of β-alanine supplementation (group by time interaction: F=13.45, p < 0.0001; PRE vs. POST in PL group: t = −0.36, p = 0.72; PRE vs. POST in BA group: t = 6.84, p < 0.0001) (Fig. 2) . Interestingly, there were no acute changes in carnosine content in muscle immediately after exercise, irrespective of group, either before (single effect of time: t = −1.06, p = 0.29) or after the supplementation period (single effect of time: t = 0.59, p = 0.56). This indicated that (i) acute exercise (at least in this type of exercise) does not induce any measurable loss of muscle carnosine; and/or (ii) carnosine-mediated aldehyde scavenging does not result in a substantial depletion of muscle carnosine content.
Representative chromatograms depicting the detection of the CAR-ACR and CAR-HNE adducts and the isotopically labeled internal standards are shown in Figs. 3A and 3B, respectively. Interestingly, CAR-HHE was not detected under our experimental conditions (Fig. 3C ). Since CAR-HHE has been previously detected in the urine of young healthy individuals [10] , the origin of this reactive aldehyde is likely a tissue other than skeletal muscle. This result also suggests that carnosine aldehyde detoxification is not specific to skeletal muscle.
Neither acute exercise alone (single effect of time: t = −1.58, p = 0.13) nor β-alanine supplementation alone (single effect of time: t = −0.65, p = 0.52) elicited any significant change in CAR-ACR levels in skeletal muscle. However, a significant increase in muscle CAR-ACR levels was observed in Post-Supplementation samples following exercise (group by time interaction: F=4.72, p = 0.01) in the BA (t = 4.6, Table 2 Repeatability intra-and inter-day assay of the developed HPLC-ESI + -MS/MS method for carnosine-aldehyde adducts, detection and quantification. Mean ± SD are shown for two subsequent days of injection of three different standards containing 7 pmol of CAR, 4 pmol of CAR-ACR, 150 fmol of CAR-HNE and 100 fmol of CAR-HHE. Day POST-supplementation carnosine values were significantly higher than all other conditions. ***p < 0.001. p = 0.0001, within-group effect) but not in the PL group (t = −0.06, p = 0.95, within-group effect; BA vs. PL at POST: t = 3.46, p = 0.002, between-group effect) ( Fig. 4 ). This indicates that carnosine can effectively scavenge acrolein, which appears to be particularly relevant for exercise-induced aldehyde formation when muscle carnosine stores are loaded via β-alanine supplementation. Additionally, the contribution of carnosine to acrolein detoxification appears to be dependent on carnosine availability (i.e., carnosine loading via supplementation), and increases during conditions of exacerbated lipid peroxidation (i.e., exercise). In contrast, carnosine-HHE adduct was not detected, and there were no observable changes in CAR-HNE levels in response to supplementation or exercise (CAR-HNE levels: PRE-supplementation, resting 0.58 ± 0.20 and exercise 1.79 ± 3.06 pmol/mg of protein; POSTsupplementation, resting = 0.80 ± 0.66 and exercise = 0.90 ± 0.58 pmol/mg of protein).
Discussion
Exercise has been shown to increase the activity of the antioxidant enzymes superoxide dismutase (SOD) and glutathione peroxidase (GPX), which is indicative of increased redox stress [25] . Augmented lipid peroxidation, evidenced by the quantification of malondialdehyde levels, has also been reported following exercise [25] . Furthermore, increased HNE-modified albumin levels were detected following an acute bout of variable intensity exercise [26] . Therefore, exercise emerges as an ideal model for studying the role of carnosine as a scavenger of lipid peroxidation by-products.
In the present study, CAR-ACR (m/z 303), CAR-HHE (m/z 341) and CAR-HNE (m/z 383) were quantified following high-intensity intermittent exercise, before and after chronic of β-alanine supplementation.
There was an observed increase (ca. 50%) in muscle carnosine content after β-alanine supplementation. Interestingly, there was also a significant increase in post-exercise CAR-ACR levels following β-alanine supplementation, whereas neither exercise or supplementation alone increased CAR-ACR formation. These results indicate that carnosine plays an acrolein-scavenger role in skeletal muscle, which may be important to the detoxification of this aldehyde generated during exercise. It is important to note that the bimolecular rate constant for carnosine with acrolein is one order of magnitude higher than those for carnosine with HNE and HHE [27] . This can explain, at least partially, the undetectable levels of CAR-HHE as well as the lower levels of CAR-HNE found in the muscle samples. A previous study reported that overweight individuals treated with carnosine (2 g/day) displayed a significant increase in the urinary excretion of carnosine-acrolein adducts [28] . Moreover, our group elucidated the structure of a 3-methylpyridinium carnosine (m/z 303) from the reaction of carnosine and acrolein, and simultaneously quantified carnosine-aldehyde adducts in human urine [10] . Although the presence of carnosine-aldehyde adducts in the urine supports the role of carnosine in cellular detoxification, it does not provide any information about where it was formed. In this regard, our findings extend the current knowledge by showing that the human skeletal muscle is a source of carnosine-aldehyde adducts, CAR-ACR in particular. Acrolein can be formed endogenously by the oxidation of fatty acids from cell membranes and by the myeloperoxidase-catalyzed oxidation of the amino acid threonine; this aldehyde can be found extensively, including in food, water, and environmental pollutants [29] .
In different models of exacerbated oxidative stress, it has been shown that reactive aldehydes may damage cells [5] ; hence, enhanced detoxification of reactive aldehydes may counteract some of these deleterious effects [7] . For instance, a previous study showed that exercise-induced increases in ALDH2 activity, a mitochondrial enzyme responsible for detoxification, and ameliorated oxidative stress in hypertensive rats [30] . Thus, it is tempting to speculate that increased carnosine levels could confer a similar protection against oxidative stress, by acting as an aldehyde scavenger in human skeletal muscle. It would be interesting to determine if this process exists in other conditions in which oxidative stress is potentially elevated, such as intensive training routines, a plethora of cardiovascular, metabolic and neurodegenerative diseases, and cancers.
In conclusion, these results showed for the first time that CAR exerts an aldehyde-detoxification role, in the skeletal muscle, through the formation of CAR-ACR adducts. Through this apparent scavenging function, CAR prevents the reactive aldehydes from modifying other biomolecules, such as proteins and DNA. These results reveal a physiological role for muscle carnosine, especially during intense exercise, and may partially explain its ergogenic and therapeutic effects. Fig. 4 . Carnosine-acrolein (CAR-ACR) content measured in vastus lateralis at rest and after high-intensity intermittent exercise PRE-and POST-supplementation. POST-supplementation carnosine values measured after exercise were significantly higher than those measured at rest and those PRE-supplementation measured after exercise. ***p < 0.001.
